traneuronal clearance and/or sequestration to prevent secretion and further spread of tau pathology. Development of therapeutic tau antibodies has led to antibody-derived imaging probes, which are more specific than the dye-based compounds that are already in clinical trials. Such specificity may give valuable information on the pathological tau epitope profile, which could then guide the selection of therapeutic antibodies for maximal efficacy and safety. Hopefully, tau immunotherapy will be effective in clinical trials, and further advanced by mechanistic clarification in experimental models with insights from biomarkers and postmortem analyses of clinical subjects.
Abstract
In recent years, tau immunotherapy has advanced from proof-of-concept studies [ Phase I clinical trials on active and passive tau immunizations are being conducted, with several additional passive tau antibody trials likely to be initiated in the near future for Alzheimer's disease and other tauopathies. Because tau pathology correlates better with the degree of dementia than amyloid-β (Aβ) pathology, greater clinical efficacy may be achieved by clearing tau than Aβ aggregates in the later stages of the disease, when cognitive impairments become evident. Substantial insight has now been obtained regarding which epitopes to target, mechanism of action and potential toxicity, but much remains to be clarified. All of these factors likely depend on the model/disease or stage of pathology and the immunogen/antibody. Interestingly, tau antibodies interact with the protein both extra-and intracellularly, but the importance of each site for tau clearance is not well defined. Some antibodies are readily taken up into neurons, whereas others are not. It can be argued that extracellular clearance may be safer but less efficacious than in-
Which Epitopes to Target
Some insights have been obtained regarding which epitopes may be best to target, although other properties of antibodies such as affinity, charge and isotype are likely to be important as well. The epitope that has received the most attention, phosphoserine 396/404 which was the key part of the immunogen in the original report [1] , has now been confirmed to be a feasible target in several studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , and such a vaccine is being employed in one of the ongoing clinical trials [6, 12] . A few studies have compared the efficacy of antibodies binding to different regions of the tau protein [4, 7, 9-11, 13, 14] , providing additional clarification although the differences observed may not only be epitope dependent but can be influenced by other properties of the antibodies such as affinity, charge and isotype. Other obvious variables that apply when comparing different studies include: the model, age of animals, tau protein expressed and expression levels, dose, number and route of injections, and adjuvant used for active immunizations.
It may be preferable to compare target engagement and pharmacokinetics of antibodies against key epitopes as well as immune responses and similar measures of certain active immunogens in phase I human trials instead of seeking direct comparison in large animal studies. Beside well-known differences in immune systems, which can influence efficacy and safety, humanized antibodies are not exactly the same as the original mouse monoclonal antibodies. Relatively subtle differences in charge, effector function and binding specificity as well as target differences may substantially alter the outcome. For detailed insight into ongoing tau immunotherapy programs that are actively seeking a clinical candidate, see a recent review [12] . Six phase I trials are currently in progress. Two of those are active and 4 are passive immunotherapies. The first trial that was started by Axon Neuroscience SE is on an active immunization approach using a tau fragment, tau294-305, linked to keyhole limpet hemocyanin through an N-terminal cysteine and administered with an alum adjuvant. It was reportedly designed to target misfolded tau, and its safety is being assessed in patients with mild-to-moderate Alzheimer's disease [15, 16] . This particular epitope has not been pursued by others at this point. The second active trial by AC Immune and Janssen employs the phosphoserine 396/404 epitope in a liposome adjuvant [6] , based on the company's website, but other information on this trial has not been released. It is not clear if it is being conducted in tauopathy patients or healthy subjects. Two of the passive trials are only enrolling healthy individuals, and 2 are focusing on subjects with progressive supranuclear palsy. Two of these are being performed by Bristol-Meyers Squibb on one of the tau antibodies they obtained with their purchase of iPerian [17, 18] . It targets a postulated pathological tau fragment (tau1-224) but should react with total normal tau as well [19] . Hence, the trials may clarify if there are any safety issues with targeting normal tau in healthy subjects, as well as both normal and pathological tau in progressive supranuclear palsy subjects. If animal data is any indication [1] , fewer of these antibodies can be expected to get into the brain of normal individuals compared to tauopathy subjects who are likely to have a leaky blood-brain barrier. If everything goes well, this antibody will presumably be tested in Alzheimer's patients and other tauopathies. Another passive immunotherapy trial is being conducted by Roche on their antibody against phosphoserine 422 [20] . This trial involves healthy subjects who should not have this epitope as it is thought to be only found in tauopathies [21] . Hence, studying target engagement is likely not one of the objectives, but this initial trial could confirm that the epitope is indeed specific to tau pathology as no changes should be expected in tau levels in plasma or cerebrospinal fluid in these subjects. As with the Bristol-Meyers Squibb trial, this antibody will likely be tested soon in one or more tauopathies. A third antibody, C2N-8E12, developed by C2N Diagnostics, recently entered phase I in progressive supranuclear palsy patients, in collaboration with AbbVie [22] . It is not clear if this is the humanized version of the apparent lead antibody of C2N Diagnostics, HJ8.5 [14] , which recognizes an N-terminal epitope (amino acids [25] [26] [27] [28] [29] [30] found in its normal and pathological forms.
As mentioned above, several other approaches are in late-stage preclinical development and likely to enter clinical trials in the near future [for a review, see 12 ] . Many other promising tau immunotherapies are actively being studied, but it is not yet clear if those will pursue clinical trials [for reviews, see 12 and 23 ].
Mechanism of Action
In theory, the tau antibodies can interact with their target both extra-and intracellularly. It is conceivable that extracellular clearance may be safer but less efficacious than intraneuronal clearance and/or sequestration to prevent secretion and further spread of tau pathology. Preliminary findings from this ADPD 2015 conference support the efficacy argument, showing improved life expec- 36 tancy in tangle mice that express intracellularly a tau antibody fragment, compared to an identical fragment that was directed into the secretory pathway [24] . The importance of each pathway likely depends on the availability of the epitope being targeted within each compartment as well as the properties of the antibodies, mainly their charge which influences their entry into cells. It is well established in other immunotherapy fields that manipulating the isoelectric point of antibodies with bioengineering can greatly influence their cell permeability [25] . Generally speaking, acidic antibodies should have lower cell penetrance. The tau antibodies that we have generated and studied in some detail are easily taken up into neurons in various culture and in vivo assays as assessed by different techniques. These antibodies have an isoelectric point at or near the neutral range (pH 6-8). In all likelihood, tau antibodies that have been reported not to be taken up into cells/neurons are acidic. Such antibodies would be negatively charged and be repelled from the negatively charged cell surface. For this reason, their half-life may be longer and therefore to some extent make up for their limited access to the intraneuronal pool of tau aggregates.
Within these different compartments, several different clearance pathways are possible. Extracellularly, the most prominent scenario is likely microglial phagocytosis of the antibody-tau complex. Intracellularly, the majority of the clearance is presumably via the endosomal/lysosomal pathway, in which tau antibodies have been detected complexed to tau aggregates. This binding may disassemble the tau aggregates and thereby allow better access of lysosomal enzymes to degrade those assemblies.
Other Considerations
It is not clear if antibodies with the highest affinities are necessarily the best ones to clear tau pathology, and this may depend on the epitope and if they are acting intraand/or extracellularly. Very strong binding to particular epitopes may prevent degradation of tau assemblies and/ or promote aggregation which could then seed further aggregation and be detrimental. High affinity could also reduce the half-life of the antibody as the bound antibody could not be reused. On the other hand, formation of large antibody-tau complexes could be helpful up to a point by sequestering smaller aggregates and thereby slow the spread/progression of the disease. It is conceivable that relatively low-affinity antibodies that still maintain a high degree of specificity may be preferable as therapeutic antibodies by tilting these diverse pathways towards degradation instead of furthering aggregation. Lower-affinity antibody may come off the tau molecule with pH changes in endosomes and be exocytosed and could therefore interact with other tau molecules. This could result in a longer half-life of the antibody and a lower dose for efficacy. Such examples exist from other fields [25] . Ideally, this needs to be explored with antibodies against the same epitope that only differ in their affinities towards it. However, hints of this possibility have been seen with tau antibodies against different epitopes with low-affinity antibody towards a conformational epitope showing efficacy in clearing tau pathology, whereas high-affinity antibody against total tau was not effective in the same mouse model [13] . Targeting both normal and pathological tau may also reduce efficacy as binding to normal tau will sequester the antibody, which reduces the amount of antibodies that can bind to the pathological form.
There are some indications that isotype differences can influence antibody-mediated degradation. One report has suggested that this may be the case with two antibodies of similar affinity against the same epitope showing isotype-dependent efficacy [7] . This interesting finding needs to be confirmed with antibodies that are identical except for their isotype, and any observed differences in efficacy clarified mechanistically.
Toxicity
Rosenmann et al. [26] have examined the potential toxicity of immunization with full-length recombinant tau administered with a combination of very strong adjuvants that promote cytotoxic T-cell response. This represents the worst-case scenario as full-length tau is likely to have some detrimental T-cell epitopes that may promote autoimmunity, and their influence is then exacerbated with the combination of the very robust adjuvants that would not be approved for human use. As outlined in the publication, the study was undertaken to test the feasibility of an active induction of a neuroautoimmune disorder in mice. The immunized wild-type mice developed tauopathy-like abnormalities and neurological deficits. More recently, no side effects were reported by another group using a different model of tauopathy mice that were immunized with a similar full-length tau but administered with a milder adjuvant [27] . Rosenmann's group subsequently showed that repeated immunizations with phospho-tau peptides emulsified in the same strong adjuvants had detrimental effects in both tauopathy and wild-type mice confirming that such adjuvants are too strong to be used when self-epitopes are being targeted [28] . Likewise, we have observed mouse death under certain conditions in some animal models which appears to be related to a strong immune response to at least some tau immunogens that may be background strain related [unpubl. observations]. Most recently, enhanced mortality was observed in Aβ plaque mice immunized with a total tau antibody, suggesting that it may be safer to target pathological tau epitopes [29] , although that should be studied further in the same model. As detailed above, certain total tau antibodies have successfully cleared tau pathology without reported side effects in models that overexpress the tau protein [14, 19] . Although it is not particularly likely that such antibodies will come into extensive contact with normal tau as discussed previously [1, 30] , this may depend on their properties. In light of the death induced by a particular total tau antibody in the Aβ plaque model, this potential issue should be explored further in various models with normal tau levels.
Imaging Studies
At least 5 small-molecule β-sheet dye-derived positron emission tomography imaging ligands have shown promise in pilot clinical studies [31] [32] [33] [34] [35] . It is likely that these will be used in some of the ongoing and upcoming clinical trials on tau immunotherapies to verify the presence of tauopathy and to monitor treatment efficacy. However, antibody derivatives that have shown promise in animal models should be more specific for tau pathology than these β-sheet binders that inevitably will have some affinity for other amyloids [36] . Furthermore, such antibodybased probes may allow detailed information on the pathological tau epitope profile of each imaged subject which could then direct personalized immunotherapy strategy targeting those specific epitopes.
Concluding Remarks
As this brief overview indicates, these are exciting times for tau immunotherapies, but much remains to be done to advance this field into approved therapies. Ongoing mechanistic studies should nicely complement the clinical trials and should provide important insights for further development of this promising approach.
